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Abstract. The role of convection in introducing aerosols and
promoting the formation of new particles to the upper tro-
posphere has been examined using a cloud-resolving model
coupled with an interactive explicit aerosol module. A base-
line simulation suggests good agreement in the upper tropo-
sphere between modeled and observed results including con-
centrations of aerosols in different size ranges, mole fractions
of key chemical species, and concentrations of ice particles.
In addition, a set of 34 sensitivity simulations has been car-
ried out to investigate the sensitivity of modeled results to the
treatment of various aerosol physical and chemical processes
in the model. The size distribution of aerosols is proved to be
an important factor in determining the aerosols’ fate within
the convective cloud. Nucleation mode aerosols (here de-
fined by 0≤d≤5.84 nm) are quickly transferred to the larger
modes as they grow through coagulation of aerosols and con-
densation of H2SO4. Accumulation mode aerosols (here de-
fined by d≥31.0 nm) are almost completely removed by nu-
cleation (activation of cloud droplets) and impact scaveng-
ing. However, a substantial part (up to 10% of the boundary
layer concentration) of the Aitken mode aerosol population
(here defined by 5.84 nm≤d≤31.0 nm) reaches the top of the
cloud and the free troposphere. These particles may con-
tinually survive in the upper troposphere, or over time form
ice crystals, both that could impact on the atmospheric ra-
diative budget. The sensitivity simulations performed indi-
cate that critical processes in the model causing a substantial
change in the upper tropospheric number concentration of
Aitken mode aerosols are coagulation of aerosols, condensa-
tion of H2SO4, nucleation scavenging, nucleation of aerosols
and the transfer of aerosol mass and number between dif-
ferent aerosol bins. In particular, for aerosols in the Aitken
mode to grow to CCN size, coagulation of aerosols appears
to be more important than condensation of H2SO4. Less im-
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portant processes are dry deposition, impact scavenging and
the initial vertical distribution and concentration of aerosols.
It is interesting to note that in order to sustain a vigorous
storm cloud, the supply of CCN must be continuous over a
considerably long time period of the simulation. Hence, the
treatment of the growth of particles is in general much more
important than the initial aerosol concentration itself.
1 Introduction
Atmospheric aerosols play a central role in cloud formation
and cloud development, as particles constitute surfaces for
liquid and ice particles to form. Both observational and
numerical modeling studies have shown that an increase in
aerosol concentrations due to anthropogenic emissions may
result in optically thicker clouds and altered rainfall rates
and characteristics (Twomey, 1974; Albrecht, 1989; Rosen-
feld, 1999, 2000; Andreae et al., 2004; Koren et al., 2004).
Most previous model studies in this field have focused on
low-level stratiform clouds, as they cover a large part of the
earth compared to other cloud types and thus are thought to
have a larger impact on the Earth’s climate through a change
in aerosol properties. However, the few studies available on
anthropogenic aerosol effects on both convective clouds and
ice clouds indicate a high sensitivity of the cloud character-
istics to the boundary layer aerosol concentration, and thus
there is a need for additional research (Andronache et al.,
2002; Clement et al., 2002; Phillips et al., 2002; Ka¨rcher
and Lohmann, 2003; Nober et al., 2003). Recently ana-
lyzed satellite data over the Amazon basin indicate that scat-
tered cumulus cloud cover can be reduced from 38% in clean
conditions to 0% for heavy smoke conditions (Koren et al.,
2004). In addition, in-situ data collected over the same region
shows that the onset of precipitation is increased from 1.5 km
above cloud base in pristine clouds to more than 5 km in pol-
luted clouds and 7 km in the most extreme form of smoky
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clouds (Andreae et al., 2004). However, elevating the onset
of precipitation under smoky conditions results in more vig-
orous storm clouds (higher wind speed, larger ice hydrome-
teors), and the net effect on the area amount of precipitation
remains unknown.
Convective clouds provide an efficient mechanism for
transporting material from the surface to the upper tropo-
sphere. Although observational data in the upper troposphere
are still limited, the few measurements available all indicate
the existence of high concentrations of small particles (e.g.
Clarke, 1992, 1993; Nyeki et al., 1999; Stro¨m et al., 1999;
Clarke and Kapustin, 2002; Petzold et al., 2002; Schro¨der et
al., 2002; Twohy et al., 2002; Hermann et al., 2003; Minikin
et al., 2003), possibly due to the vertical transport related to
deep convection. In addition, with sufficiently low temper-
ature, high relative humidity, and relatively high concentra-
tions of aerosol precursors; the outflow regions of convective
clouds are likely areas for new aerosols to form, adding even
more particles to the upper troposphere (Zhang et al., 1998;
Clarke et al., 1999; Stro¨m et al., 1999; Clement et al., 2002).
However, there is still a major uncertainty regarding which
chemical compounds are most important in the aerosol nucle-
ation process, and to what extent these gases are scavenged
by the heavy precipitation associated with a storm cloud.
Explicit modeling of aerosol-cloud interactions in meso-
scale cloud systems is a computationally expensive task as
there are numerous processes with different temporal and
spatial scales that need to be considered in simulating the
cloud development; the physical and chemical properties in-
cluding the size distributions of aerosols and cloud droplets,
as well as the interactions among these particles. Given this
broad range of conditions, most previous model studies of
aerosol-cloud interactions have used simplified descriptions
of the cloud processing, usually by considering adiabatic par-
cel models (de Reus et al., 1998; Kulmala et al., 1998a;
Clement et al., 2002). Zhang et al. (1998) incorporated a
two-moment aerosol model into a two-dimensional cloud
and sulfate chemistry model to simulate the effects of clouds
on aerosol redistribution and production in cumulonimbus
clouds. They found that the nucleation rate after cloud dis-
sipation in the upper troposphere increased by one order of
magnitude compared to the nucleation rate before cloud for-
mation. Jacobson (2003) developed a one-dimensional gas-
aerosol-cloud module suitable for implementation in global
or regional scale three-dimensional models. Results using
this module suggest that if aerosol number is considered (i.e.
in general small particles), impact scavenging is a more im-
portant removal mechanism than nucleation scavenging, re-
moving more than 42% of the total number of particles. On
the other hand, if aerosol mass is considered (i.e. in general
large particles), nucleation scavenging is clearly the domi-
nant aerosol removal process. These findings indicate that
medium-size particles may be most likely to survive trans-
port within a convective cloud without being scavenged by
precipitation.
In order to simulate convective cloud transport along with
cloud processing of aerosols, we have coupled a three-
dimensional cloud-resolving model based on previous model
work (Wang and Chang, 1993a; Wang and Crutzen, 1995;
Wang and Prinn, 2000) with an interactive explicit aerosol
module (Wilson et al., 2001). Observational data as well as
weather center reanalyzed data have been used to initialize
the model simulations. To evaluate the model, the results
are compared with observed concentrations of aerosols and
certain key chemical species, particularly in the upper tropo-
sphere (Stro¨m et al., 1999). In this paper, only a brief evalu-
ation of the 2-D version of the model is performed. A more
detailed comparison is presented in a sequential paper (Ek-
man et al., in preparation, 20041) using the 3-D version of the
model. The main purpose of this research is not only to sim-
ulate the formation and transport of aerosols within as well
as surrounding a convective cloud, but also to examine the
sensitivity of the aerosol concentration and the properties of
the cloud to various aerosol physical and chemical processes.
In this paper, we first describe the implementation of the
explicit aerosol module into the cloud-resolving model. The
discussions of the modeled features in dynamics, micro-
physics, and chemistry of the observed storm and a brief
comparison between modeled and observed results are given
following the model description. We then focus on the re-
sults of the sensitivity simulations aiming at revealing the
dependencies of the aerosol module on various physical and
chemical processes as well as initial aerosol concentration
and chemical composition. The discussions and conclusions
are given in the last section.
2 Model
2.1 Cloud resolving model
The cloud-resolving model (CRM) used in this study is an
improved version of the model developed by Wang and
Chang (1993a) with a full integration of the dynamics-
physics and chemistry sub-models (Wang et al., 1995; Wang
and Prinn, 2000). The dynamics-physics module consists of
non-hydrostatic momentum equations, the continuity equa-
tions for water vapor and air mass density, the thermody-
namic equation, and the equation of state (Wang and Chang,
1993a). Also included are prognostic equations for the mix-
ing ratios as well as number concentrations of cloud droplets,
raindrops, ice crystals and graupel particles. The microphysi-
cal transformations are formulated based on a “two-moment”
scheme incorporating the size spectra of particles (Wang and
Chang, 1993a; Wang et al., 1995). A δ-four-stream radia-
tion module based on Fu and Liou (1993) is incorporated in
1Ekman, A. M. L., Wang, C., and Stro¨m, J.: Explicit simulation
of aerosol physics in a cloud-resolving model: Aerosol transport
and processing in the free troposphere, in preparation, 2004.
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the model and it uses predicted concentrations of gases (in-
cluding H2O and O3) and hydrometeors to calculate radiative
fluxes and heating rates.
Cloud droplets in the atmosphere are formed on cloud con-
densation nuclei (CCN). In the CRM, the number of particles
available for cloud droplet nucleation is predicted using the
aerosol module (cf. Sect. 2.2). The number of ice nuclei (IN)
is in the present model version not calculated using the ex-
plicit aerosol module. An initial IN concentration is assumed
(cf. Sect. 3), and the IN are advected in the model and re-
moved by ice particle formation, but the IN are not affected
by coagulation of aerosols, condensation of H2SO4 or other
aerosol physical processes.
The chemistry sub-module predicts atmospheric concen-
trations of 25 gaseous and 16 aqueous (in both cloud droplets
and raindrops) chemical compounds including important
aerosol precursors such as sulfate and nitrate, undergoing
more than 100 reactions as well as transport, and micro-
physical conversions. A module of heterogeneous chemistry
on ice particles has been developed and is included in the
present version of the model (Wang, submitted, 2004a 2, b3).
This module calculates surface uptakes of several key chem-
ical species including HNO3, SO2, H2O2 and CH3OOH by
ice particles.
The cloud-resolving model has been used in studies on
dynamics, microphysics, and chemistry of continental deep
convection (e.g. Wang and Chang, 1993a, b; Wang and
Crutzen, 1995) and oceanic deep convection over the Pa-
cific (Wang et al., 1995; Wang and Prinn, 1998, 2000). Re-
sults obtained using the model have also been compared with
available observations including aircraft, radar, and satellite
data. The spatial resolution of the model can be flexibly set,
a horizontal grid interval of 2 km and a vertical grid interval
of 400 m are used in this study.
2.2 Aerosol module
The evolution in time and space of aerosols consisting of sul-
fate, organic carbon, black carbon and mixtures thereof is
described using a multi-modal aerosol model (Wilson et al.,
2001). In this paper, we mainly describe our revision of this
module and the additional improvements needed to incorpo-
rate the aerosol module into our cloud-resolving model.
In our version of the aerosol module, five different modes
are used to represent the aerosol population (Table 1).
Among these five modes, carbon originating from both fossil
fuel combustion and biomass burning is considered. The size
distribution within each aerosol mode is assumed to be log-
normal and is described by three parameters: number, mass,
2Wang, C.: A theoretical study on the response of tropical deep
convection to the increase of CCN concentration: 1. Dynamics and
microphysics, submitted to J. Geophys. Res., 2004a.
3Wang, C.: A theoretical study on the response of tropical deep
convection to the increase of CCN concentration: 2. Radiation and
tropospheric chemistry, submitted to J. Geophys. Res., 2004b.
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Figure 1. Schematic picture of processes included in the aerosol model (after Wilson et al., 
2001). 
Fig. 1. Schematic picture of processes included in the aerosol model
(after Wilson et al., 2001).
and standard deviation (σstd , cf. Wilson et al., 2001). Fig-
ure 1 shows a schematic picture of the different aerosol pro-
cesses included in the model. Note that in this study, mainly
to reduce the computational burden, the standard deviations
are prescribed. Dry deposition of aerosols is calculated ac-
cording to Langner and Rodhe (1991) using the dry deposi-
tion velocities specified in Pruppacher and Klett (1997) and
Wilson et al. (2001). In the default version of the model, due
to the short integration time, emissions of both carbonaceous
and sulfuric aerosols are set to zero. Therefore, carbonaceous
aerosols have no additional sources other than the given ini-
tial loadings during the model integration. The continuous
source in addition to the given initial loading of the whole
sulfuric aerosol population (three modes) is the nucleation of
new sulfate aerosols from H2SO4 and H2O.
New particle formation via binary H2O-H2SO4 nucleation
is described using the parameterization developed by Kul-
mala et al. (1998a). The condensation coefficient as well as
the intra- and inter-modal coagulation coefficients for each
aerosol mode is determined from the theory of Fuchs (1964),
using the geometric mean radius of each mode. Intra-modal
coagulation leads to a reduction of the number of the mode
but not of the mass, whereas inter-modal coagulation leads
to a reduction of the number and mass of the smaller mode
and an increase of the mass of the larger mode. For the
pure sulfate modes, conversions are also enforced when the
upper “tail” of the mode grows beyond the prescribed size
limit for a given mode (cf. Table 1). When the number frac-
tion of aerosols located above the size limit of a given mode
exceeds 5% of the total in this mode, then 5% of the num-
ber of aerosols is reallocated to the adjacent mode (together
with the corresponding amount of mass). To estimate when
this transfer should be performed, we assume a log-normal
www.atmos-chem-phys.org/acp/4/773/ Atmos. Chem. Phys., 4, 773–791, 2004
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Table 1. Diameter, standard deviation and collision efficiency of aerosol module modes.
Dry count Geometric Collision efficiency2)
geometric standard Estimated lower/higher
diameter size deviation1) limits are given within
interval1) (σstd ) parenthesis
(µm)
Nucleation mode SO4 0–0.00584 1.59 0.5 (0.5/0.5)
Aitken mode SO4 0.00584–0.031 1.59 0.06 (0.0075/0.125)
Accumulation mode SO4 >0.031 1.59 0.025 (0.0075/0.075) for
r<0.1µm
0.0075 (0.0001/0.01) for
r<1.0µm
0.05 (0.0025/0.075) for
r<2.5µm
1.0 (1.0/1.0) for
r≥2.5µm
Pure BC – 2.0 –
Mixed BC/OC/SO4 – 2.0 Same as for accumulation mode SO4
1) Based upon values given in Wilson et al. (2001).
2) Based upon values given in Fig. 17-17 in Pruppacher and Klett (1997).
distribution for each aerosol mode, and compare the modeled
mass weighted average diameter within each mode (diameter
of average mass) with the theoretical diameter of the average
mass for when the “tail” contains 5% or more of the total
aerosol number.
The activation of a drop at a certain supersaturation de-
pends on the composition of the solute. Only a part of the
aerosols in an aerosol size bin may be activated. Consider
the simplified Ko¨hler equation (e.g. Pruppacher and Klett,
1997)
Sv,w = 1 + A
a
− B
a3
, (1)
where Sv,w is the saturation ratio, a is the droplet radius and
A = 2Mwσw/a
RTρw
, (2)
B = 3υmsMw
4piMsρw
. (3)
Here, Mw is the molecular weight of water and Ms is the
molecular weight of the salt, σw/a is the surface tension of
water with respect to air, R is the universal gas constant, T
is temperature, ρw is the density of water, ν is the number of
ions into which a salt molecule dissociates in water and ms
is the mass of the salt.
By taking the first derivative of Eq. (1), the critical radius
that corresponds to the critical saturation ratio for drop acti-
vation can be written as:
a∗ =
√
3B
A
. (4)
The critical saturation ratio S∗ is then obtained by inserting
a∗ back into Eq. (1)
S∗ = 1 + 2
3
√
A3
3B
. (5)
The dry particle radius R is related to the variable B and we
can find the critical activation radius R∗:
R∗ = A
[
4Msρw
27Mwρsυs(S − 1)2
]1/3
, (6)
where ρs is the density of the salt, νs is the van’t Hoff dis-
sociation coefficient (in the simulations set to 2) and S is
the environmental saturation ratio. For any aerosol size bin
that has R∗ within its boundaries (Rmin<R∗<Rmax), the bin
must be split so that only particles with radius larger than
R∗ are activated. The total number of aerosols activated can
be obtained by integrating the distribution function from R∗
to Rmax . Only pure sulfate aerosols and mixed aerosols are
considered to constitute CCN. In many model studies, a sim-
plified empirical relationship is used to describe droplet acti-
vation (e.g. Pruppacher and Klett, 1997):
NCCN = CCN · skv,w, (7)
where NCCN is the number of activated CCN, sv,w is the su-
persaturation (%) and k is a constant varying for maritime
and continental air. A sensitivity simulation is conducted to
compare this traditional parameterization of aerosol activa-
tion with the description based on Ko¨hler theory.
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The activation of droplets determines the number of
aerosols that are scavenged via nucleation scavenging. An-
other path for scavenging of aerosols is through collision
with falling raindrops, graupel or ice crystals, i.e. the pre-
cipitation (impact) scavenging. The collision efficiency E in
this case is by definition the probability of collisions between
an aerosol and a precipitating droplet in a geometric volume
swept out by the precipitating droplet in a given time inter-
val (the droplet’s effective cross-sectional area multiplied by
the effective fall speed of the droplet with respect to the fall
speed of the aerosol; Pruppacher and Klett, 1997). To the-
oretically determine E is complicated since the aerosol size
varies over orders of magnitude and because the large rain-
drop size results in complicated flow patterns (drop oscilla-
tions, wake creation, eddy shedding, etc.). Pruppacher and
Klett (1997) present an overview of the problem. The effi-
ciency of Brownian diffusion induced particle-particle inter-
actions decreases rapidly with increasing particle size and is
thus the most important removal process for small particles
(diameter <0.2µm). Inertial impaction and interception in-
crease in importance as the aerosol size increases. These pro-
cesses are most important for particles with diameters larger
than 1µm. The previous arguments indicate that whereas
there are efficient removal processes for small and large parti-
cles, the collision efficiency for particles in the 0.1 to 1.0µm
size range is relatively small. As a first attempt to simulate
the variability of impact scavenging with aerosol size, differ-
ent values of E for the different aerosol bins in the model are
defined (Table 1). A simulation using constant E equal to 0.1
(and only for accumulation mode aerosols) is included as a
sensitivity study (cf. Table 2).
Both number concentration and mass mixing ratio of the
five aerosol modes, i.e. all together 10 variables, are incor-
porated in the cloud-resolving model as prognostic variables
undergoing transport, mixing, dry deposition, and nucleation
as well as impact scavenging besides aerosol microphysi-
cal processes. The advection scheme used to calculate the
transport of these aerosol variables is the same revised Bott
scheme as developed in Wang and Chang (1993a). For the
mixed mode, the ratio between BC, OC and SO4 is assumed
to be constant during the simulation.
3 Observed case and initial model conditions
The selected case to simulate is a cumulonimbus cloud with
extended anvil over northern Germany, observed during the
Stratosphere-Troposphere Experiment by Aircraft Measure-
ments (STREAM) on 29 July 1994 (Stro¨m et al., 1999). Con-
vection was initiated as cool air from the Atlantic Ocean
was advected towards Western Europe after several weeks
of stagnant weather with clear skies, high temperatures and
weak winds. During the preceding high-pressure period, a
build-up of high boundary layer concentrations of aerosol
particles, CO and O3 had occurred. Several smaller groups
of thunderstorms were formed along the cold front, and the
aircraft measurements were conducted along a cross-section
through the center of one of these storm clouds.
During the measurement flight, particles smaller than
1µm diameter were sampled and counted using two TSI-
3760 CPCs with lower cutoffs at 0.007 and 0.018µm diam-
eter, respectively. Note that the former cutoff of the parti-
cle counter is about 0.0015µm smaller than the upper limit
of size of what is termed “the Aitken mode sulfate aerosol”
in our model. A counterflow virtual impactor (CVI) was
used to sample cloud particles larger than ∼5µm aerody-
namic diameter. Water vapor was measured using a Lyman-
α absorption hygrometer and observations of carbon monox-
ide and ozone mixing ratios were performed using the laser
diode technique and chemiluminescence technique, respec-
tively. The aircraft measurements were carried out in the
anvil region of the storm. The research aircraft entered the
cumulonimbus cloud at approximately 14:36 UTC at an alti-
tude of ∼10.4 km. The aircraft flew a distance of ∼260 km
across the frontal zone before leaving the cloudy air at about
15:03 UTC. In situ data from this level are presented in Fig. 5
in Stro¨m et al. (1999).
The meteorological part of the CRM simulation is ini-
tialized using analyzed 3-dimensional initial data fields of
pressure, temperature, winds and specific humidity obtained
from the National Centers for Environmental Prediction
(NCEP). Horizontally interpolated fields of NO2, O3 and
SO2 obtained from surface observations conducted by the
Co-operative Programme for Monitoring and Evaluation of
the Long-Range Transmission of Air Pollutants in Europe
(EMEP, Hjellbrekke and Hanssen, 1998) are used to initialize
the chemistry module. There are no observations of gaseous
HNO3 or H2SO4 available from EMEP. Initial concentrations
of these compounds are instead obtained by combining re-
sults from previous simulations using the CRM (Wang and
Chang, 1993a; Wang and Crutzen, 1995) and measured par-
ticulate concentrations of NO−3 and SO
−
4 from EMEP. Verti-
cal profiles of all chemical compounds are prescribed as to
decrease with height except for O3, which is based on previ-
ous work.
For Aitken, black carbon, and mixed mode aerosols, a hor-
izontally constant surface concentration of 50 cm−3 is as-
sumed initially. The surface concentration of accumulation
mode aerosols is set to be 500 cm−3. For ice nuclei particles
(IN), the initial surface concentration is set to be 100 cm−3.
These aerosol concentrations are representative for what may
be observed in urban continental air (Seinfeld and Pandis,
1998). All aerosol concentrations are initially prescribed to
decrease with height as a function of air density (surface con-
centration multiplied by [ρlevel/ρsurf ace]3, cf. Fig. 2). This
type of vertical dependence is in fairly good agreement with
the observations by Schro¨der et al. (2002) and Petzold et
al. (2002). The initial mass concentration for each mode is
calculated by assuming spherical particles with a density of
1.7 g cm−3 and a radius of 6.29 nm for the Aitken mode and
www.atmos-chem-phys.org/acp/4/773/ Atmos. Chem. Phys., 4, 773–791, 2004
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Table 2. Summary of sensitivity simulations conducted using the CRM.
Simulation Simulation Characteristics
number name
1 R Reference simulation
2 A1 No coagulation of aerosols
3 A2 No coagulation, no condensation of H2SO4 on aerosols
4 A3 No condensation of H2SO4 on aerosols
5 B1 No dry deposition of aerosols
6 B2 10 times higher dry deposition velocity for all aerosols
7 C1 Constant collision efficiency constant
8 C2 Collision efficiency multiplied by 2.
9 C3 Collision efficiency divided by 2.
10 C4 No impact scavenging of aerosols
11 C5 Impact scavenging of BC included (in same manner as for
acc. mode SO4)
12 C6 Lower limit of impact scavenging (cf. Table 1)
13 C7 Higher limit of impact scavenging (cf. Table 1)
14 D1 Aerosol initial number concentration (but not mass)
multiplied by 2 throughout the whole model domain
15 D2 Aerosol initial number concentration (but not mass) divided
by 2 throughout the whole model domain
16 D3 Constant initial aerosol concentration throughout the whole
model domain (surface concentration used for all aerosols,
instead of decreasing concentration with altitude scaled by density)
17 D4 Aerosol initial mass concentration multiplied by 2
throughout the whole model atmosphere
18 D5 Aerosol initial mass concentration divided by 2
throughout the whole model atmosphere
485 nm for the accumulation, mixed and black carbon modes.
The nucleation mode aerosol concentration is assumed to be
zero at the beginning of the simulation.
4 Results
In order to evaluate the behavior of the aerosol module in-
corporated into the cloud-resolving model and to explore the
dependencies of this module on various physical and chem-
ical processes as well as on initial aerosol concentrations
and chemical compositions, we have designed 34 sensitivity
simulations. These sensitivity simulations, targeting various
physical and chemical parameters or processes, are catego-
rized into 8 groups, hereafter labeled as A1 to H4 (cf. Ta-
ble 2).
To achieve computational efficiency, we make use of the
two-dimensional version of our model in the sensitivity sim-
ulations. Results obtained using the 2-D version of the model
may slightly differ compared to the 3-D-simulation results
(not shown in this paper), as the 2-D model version only
simulates the cloud development along a cross-section of the
convective cloud. For example, a comparison between the
two model versions shows that the depth and the extension
of the simulated anvil are not identical. However, for exam-
ining the sensitivity of the model this difference should not
be of major importance.
The 2-D simulations are carried out over a 150×50 grid
domain, covering 300 km horizontally and 20 km vertically.
The 2-D chemical compound and meteorology fields used
for the initialization of the model are cross-sections extracted
Atmos. Chem. Phys., 4, 773–791, 2004 www.atmos-chem-phys.org/acp/4/773/
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Table 2. Continued.
Simulation Simulation Characteristics
number name
19 D6 Altered vertical slope of initial aerosol distribution (surface
concentration multiplied by (ρlevel/ρsurf ace)1.5 instead of
(ρlevel/ρsurf ace)3)
20 D7 Initial Aitken number concentration multiplied by 100
throughout the whole model domain
21 D8 Initial BC number concentration multiplied by 10
throughout the whole model domain
22 E1 Emperical nucleation scavenging parameterization (cf. Eq. 5)
23 E2 10 times larger critical radius (cf. Eq. 4)
24 E3 10 times smaller critical radius (cf. Eq. 4)
25 E4 Halved nucleation scavenging over the whole model domain
26 E5 SO4 used for aerosol density instead of (NH4)2SO4 (in Eq. 4)
27 F1 Aerosol nucleation rate decreased by a factor of 2
over the whole model domain
28 F2 Aerosol nucleation rate decreased by a factor of 10
over the whole model domain
29 F3 Aerosol nucleation rate increased by a factor of 10
over the whole model domain
30 G1 10 times higher initial H2SO4 concentration (up to 4 km altitude)
31 G2 10 times lower initial H2SO4 concentration (up to 4 km altitude)
32 H1 No transfer of aerosols between the modes
33 H2 2 times larger radius for transfer (cf. Sect. 2.2)
34 H3 2 times smaller radius for transfer (cf. Sect. 2.2)
35 H4 10% transfer of number instead of 5% (cf. Sect. 2.2)
from the thermodynamically most unstable area of the previ-
ously described 3-D initial fields (cf. Fig. 3). Open boundary
conditions are applied for all variables, i.e. the normal in-
flux to the model domain is equal to zero. Starting time is
12:00 UTC and the simulation is integrated for 3 h. Each
time step is 5 s.
4.1 Reference simulation
A reference run was first designed for the sensitivity study.
The purpose of this reference run is mainly to provide a
“baseline” result that is in agreement with observational data
for comparison with the rest of the sensitivity tests.
The characteristics of the simulated storm development are
displayed in Fig. 4. Figure 5 shows the 2-dimensional distri-
bution of various model parameters after three hours of sim-
ulation. Available observed maximum values at ∼10.4 km of
cloud water content (CWC), crystal number density (CND),
condensation nuclei (radius >7 nm, CN), and mixing ratios
of CO and O3 are indicated in the figures. Modeled max-
imum values at 10.4 km of CWC, CND, CO and O3 differ
less than 20% from the observations. Note that modeled and
observed parameters at the same altitude level may not corre-
spond exactly to each other; they should rather be considered
as representative values of the cloud anvil.
As mentioned in Sect. 3, the weather before the pas-
sage of the cold front on 29 July had given rise to en-
hanced boundary layer concentrations of aerosol particles,
CO and O3. Figure 5d displays that high concentrations of
Aitken mode aerosol particles are rapidly transported from
the surface up to the free troposphere within the convec-
tive cloud. The simulated concentration at 10.4 km altitude
is about two times higher than the observed one. However,
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Fig 2. Vertical profile of initial aerosol concentration.  
Fig. 2. Vertical profile of initial aerosol concentration.
the measurements only consider particles with a radius larger
than 7 nm, whereas the Aitken mode size interval includes all
particles with a radius larger than 6 nm. If a log-normal size
distribution is assumed and the upper “tail” of the particles
between 6 and 7 nm is removed, the modeled maximum par-
ticle concentration at 10.4 km is reduced to 2.4×104 cm−3,
which corresponds very well with the observations.
The transport of high concentrations of SO2 and CO from
the boundary layer to the top of the cloud can clearly be seen
in Figs. 5h and j. For O3, high concentrations in the free
troposphere are usually a result of downward transport of O3
rich air from the stratosphere. However for the present case,
a plume of polluted air with elevated O3 concentrations close
to the surface is transported from the eastern boundary of the
model to the free troposphere (cf. Fig. 5i).
The sensitivity of the modeled results to a given param-
eter or process is judged by the relative difference between
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Fig 3. Initial concentration for chemical compound a) SO2 (ppbv), b) O3 (ppbv), and c) CO 
(ppbv). 
 
Fig. 3. Initial concentration for chemical compound (a) SO2 (ppbv),
(b) O3 (ppbv), and (c) CO (ppbv).
the results of the given sensitivity simulation and the corre-
sponding values of the reference run. Model variables used
in the comparison include the concentration of Aitken mode
sulfate aerosols as well as mixing ratios of CO and SO2 in
the upper troposphere (where observations of aerosol num-
ber and CO are available), and surface precipitation, repre-
senting several aspects of interest dealing with aerosol mi-
crophysics, convective transport of important trace gases, as
well as cloud dynamics and microphysics. It is worthwhile
noting that our sensitivity simulations are carried out using a
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Fig 4. Time development of simulated maximum vertical wind velocity, maximum 
precipitation and model domain average precipitation.  
Fig. 4. Time development of simulated maximum vertical wind ve-
locity, maxi um precipitation and odel domain averag precipi-
tation.
“real” atmospheric case rather than an idealized case of deep
convection. The impact of the tested parameters or processes
on the interactions among aerosols, cloud droplets, and cloud
dynamics thus are included.
4.2 Aerosol microphysics (experiment A, F and H)
In the aerosol module, the accumulation mode sulfate
aerosol, which serves as the major part of CCN in the model,
mainly originates from coagulation of aerosols and conden-
sation of H2SO4 on Aitken mode aerosols. The concentra-
tion of Aitken mode aerosols is determined by the rates of
aerosol nucleation, condensation of H2SO4 and coagulation
involving nucleation mode aerosols. In order to explore the
sensitivity of the modeled results to these processes, we have
designed the A series with coagulation of aerosols, conden-
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Fig 5a. Modeled cloud water content (g kg-1) after 3h simulation. Observed and modeled 
values at 10.4 km are indicated in the figure.  
Fig. 5a. Modeled cloud water content (g kg−1) after 3 h simulation.
Observed and modeled values at 10.4 km are indicated in the figure.
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Fig 5b. Modeled ice crystal number (cm-3) after 3h simulation. Observed and modeled values 
at 10.4 km are indicated in the figure. 
Fig. 5b. Modeled ice crystal number (cm−3) after 3 h simulation.
Observed and modeled values at 10.4 km are indicated in the figure.
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Fig 5c. Modeled Nucleation Mode particle concentration (cm-3) after 3h simulation. The 
modeled value at 10.4 km is indicated in the figure. 
Fig. 5c. Modeled Nucleation Mode particle concentration (cm−3)
after 3 h simulation. The model d value at 10.4 km is indicated in
the figur .
sation of H2SO4, or both coagulation and condensation pro-
cesses being switched off; the F series with reduced nucle-
ation rate; and the H series with altered or no transfer be-
tween the various modes.
It is found that the largest change in Aitken mode number
concentration (MNC) at 10.4 km occurs when no coagula-
tion of aerosols or transfer between the different modes is
considered, or when the size limit for transfer between the
modes is increased (case A1, A2, H1 and H3; Fig. 6a). The
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Fig 5d. Modeled Aitken Mode particle concentration (in 100 cm-3) after 3h simulation. 
Modeled and observed values at 10.4 km are indicated in the figure. 
Fig. 5d. Modeled Aitken Mode particle concentration (in
100 cm−3) after 3 h simulation. Modeled and observed values at
10.4 km are indicated in the figure.
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Fig 5e. Modeled Accumulation Mode particle concentration (cm-3) after 3h simulation. 
Modeled and observed values at 10.4 km are indicated in the figure. 
Fig. 5e. Modeled Accumulation Mode particle concentration
(cm−3) after 3 h si ulation. Modeled a d observed values at
10.4 km are indicated in the figure.
main pathway for Aitken mode aerosol to CCN appears to be
coagulation of aerosols, as the concentration of Aitken mode
particles in the upper troposphere is higher compared to the
reference case in case A1 (Fig. 6a). An increase in the Aitken
MNC cannot be seen if only condensation of H2SO4 on the
aerosols is excluded.
For all A cases as well as the H1 and H2 simulations, not
enough CCN are produced from the Aitken mode to sustain
a vigorous storm cloud. Thus, the average accumulated pre-
cipitation (Fig. 6d) is reduced and vertical wind speeds are
substantially weaker than for the reference run results. As a
consequence of the weak storm development, the mixing ra-
tios of both CO and SO2 in the upper troposphere are lower
than those of the reference simulation (Figs. 6e and f). The
convection is also less developed for the H4 case (10% num-
ber transfer between the modes instead of 5%) compared to
the reference run and the precipitation and transport of trace
gases to the free troposphere is just as weak as in the A sim-
ulations.
For the H3 case on the contrary, when particles are al-
lowed to be transferred more rapidly from Aitken to accumu-
lation mode compared to the reference case, the convection
becomes more intense. As seen in Fig. 6c the droplet number
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Fig 5f. Modeled Mixed Mode particle concentration (cm-3) after 3h simulation. The modeled 
value at 10.4 km is indicated in the figure. 
Fig. 5f. Modeled Mixed Mode particle concentration (cm−3) after
3 h simulation. Th modeled value at 10.4 km is indicat d in the
figure.
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Fig 5g. Modeled BC Mode particle concentration (cm-3) after 3h simulation. The modeled 
value at 10.4 km is indicated in the figure. 
Fig. 5g. Modeled BC Mode particle concentration (cm−3) after 3 h
simulation. The modeled value at 10.4 km is indicated in the figure.
concentration at 4.0 km is higher in this case than in the ref-
erence simulation. Vertical wind speeds are stronger and thus
more SO2 and CO is transported vertically compared to the
reference case results. However, the Aitken MNC at 10.4 km
is lower compared to the reference case, as more particles are
scavenged through nucleation scavenging within the convec-
tive cloud in case H3.
A decrease in the aerosol nucleation rate by a factor of two
(case F1) somewhat affects the average upper tropospheric
Aitken MNC. The convective cloud is less developed in this
case compared to the reference case and the transport of trace
gases to the free troposphere is weaker. If the nucleation rate
is reduced by a factor of 10 (case F2, note that the amount
of available H2SO4 is the same as in the reference case), the
average Aitken MNC at 10.4 km decreases by approximately
20%. Surprisingly, we have found in these model simula-
tions that the decrease in Aitken MNC was not caused by
weaker convection and vertical wind speeds, but instead by
stronger convection and thus more efficient nucleation and
impact scavenging (the average precipitation increases com-
pared to the reference case). When fewer nucleation mode
particles are produced, more H2SO4 is available, and the
growth of nucleation and Aitken mode aerosols to CCN due
to condensation becomes very efficient. As seen in Fig. 6b,
Atmos. Chem. Phys., 4, 773–791, 2004 www.atmos-chem-phys.org/acp/4/773/
A. M. L. Ekman et al.: Explicit simulations of aerosol physics in a cloud-resolving model 783
 
 
 
 
 
 
 
 
 
 
 10.05.00.0
Modeled max. value: 78 ppb(v) 
 
 
Fig 5h. Modeled SO2 concentration (ppbv) after 3h simulation. The modeled value at 10.4 km 
is indicated in the figure. 
 
Fig. 5h. Modeled SO2 concentration (ppbv) after 3 h simulation.
The modeled value at 10.4 km is indicated n t figure.
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Fig 5i. Modeled O3 concentration (ppb) after 3h simulation. Modeled and observed values at 
10.4 km are indicated in the figure. 
Fig. 5i. Modeled O3 concentration (ppb) after 3 h simulation. Mod-
eled and observed values at 10.4 km are indicated in the figure.
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Fig 5j. Modeled CO concentration (ppb) after 3h simulation. Modeled and observed values at 
10.4 km are indicated in the figure. 
 
 
Fig. 5j. Modeled CO concentration (ppb) after 3 h simulation. Mod-
eled and observed values at 10.4 km are indicated in the figure.
the particle/droplet number concentration at 10.4 km is also
higher in the F2 case compared to the reference simulation.
The convection is less intense in the F3 case, where the nu-
cleation rate is increased by one order of magnitude. There
is a slight change in the Aitken MNC in the free troposphere
and also in droplet/ice particle number concentration in this
case.
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Figure 6. Percentage difference at t = 3h in a) average Aitken mode particle number 
concentration at 10.4 km, b) ice/droplet particle number concentration at 10.4 km, c) 
ice/droplet particle number concentration at 4 km, d) average surface precipitation, e) 
average CO concentration at 10.4 km and f) average SO2 concentration between 
reference simulation and sensitivity simulation series A, F and H.  
Fig. 6. Percentage difference at t=3 h in (a) average Aitken mode
particle number concentration at 10.4 km, (b) ice/droplet particle
number concentration at 10.4 km, (c) ice/droplet particle number
concentration at 4 km, (d) average surface precipitation, (e) aver-
age CO concentration at 10.4 km and (f) average SO2 concentration
between refer nce simulation and se sitivity simulation series A, F
and H.
4.3 Aerosol dry deposition (experiment B)
The results of series B (dry deposition, Fig. 7) suggest that
the modeled Aitken MNC at 10.4 km is not particularly sen-
sitive to the formulation of dry deposition of aerosols. Mod-
eled average Aitken MNCs differ less than 10% compared to
the reference simulation. The convection is slightly stronger
in the B1 case where more CCN are available, resulting in
increased transport of trace gases to the free troposphere and
more precipitation. In the B2 case, the maximum vertical
wind speed within the convective cloud is somewhat lower
compared to the reference case and the transport of trace
gases to the free troposphere is reduced. The maximum
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Figure 7. Same as Figure 6, but for sensitivity simulation series B. 
Fig. 7. Same as Fig. 6, but for sensitivity simulation series B.
precipitation rate over the model domain is also in general
lower than for the reference case throughout the simulation,
but the average precipitation rate is higher (the precipitation
is more evenly distributed) and the total average precipitation
actually increases by ∼40%.
4.4 Aerosol scavenging processes (experiment C and E)
Once the cloud starts to develop, the scavenging of aerosols
via nucleation scavenging (aerosols activated to form cloud
droplets) or by impact scavenging (aerosols removed by pre-
cipitating particles) will influence the upper tropospheric
concentration of aerosols. We have tested the sensitivity of
the modeled results to various setups in the scavenging cal-
culations.
In sensitivity series C (Fig. 8), different collision coeffi-
cients (cases C1 to C4 and C6 to C7) along with additional
impact scavenging of BC aerosols (case C5) are tested. The
change in average Aitken MNC in the free troposphere is the
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F gure 8. Same as Figure 6, but for sensitivity simulation series C and E. 
Fig. 8. Same as Fig. 6, but for sensitivity simulation series C and E.
largest when the impact scavenging is removed completely
(C4). However, even in this case, the change in Aitken MNC
is only slightly more than 10% compared to the reference
case. Despite the small changes in Aitken MNC, the shape of
the cloud clearly differs among the C cases and the reference
simulation (due to the altered number of available CCN), re-
sulting in a change of the average precipitation amount by
up to 50%. In addition, as can be seen in Fig. 8c, the aver-
age droplet concentration at the cloud base (which is mainly
affected by the number of CCN) is changed by up to 100%.
It is interesting to note that for the two cases with lower
collision efficiency than in the reference case, the convection
turns out to be less intense with reduced vertical wind speeds.
Accordingly, the concentration of trace gases at 10.4 km is
lower; the difference is up to 15% for CO and up to 40% for
SO2. The insensitivity of upper tropospheric Aitken MNCs
to different treatments of impact scavenging is not entirely
a surprise. Kinetically speaking, the collection efficiency of
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aerosols, particularly those in the size range of Aitken mode,
by precipitating particles is very low (Table 1; see also Prup-
pacher and Klett, 1997).
The usage of a new aerosol module in the CRM (cf.
Sect. 2.2) introduces the possibility to calculate size-
dependent nucleation of cloud droplets. This method has
been compared with the method using an empirically de-
rived formula in experiment E1. The sensitivity of the size-
dependent nucleation on the calculation of the critical activa-
tion radius is tested in series E2–E5. In the case where the
critical activation radius is 10 times smaller compared to the
reference case (E3), a larger fraction of Aitken mode parti-
cles are considered as CCN and thus scavenged in the nucle-
ation of cloud droplets. Hence, the average Aitken MNC at
10.4 km decreases by almost 90%. For the other E cases, the
changes in average Aitken MNC is small. The shape and the
extent of the cloud are clearly different for all E cases com-
pared to the reference case and the average precipitation rate
either increases (E3 and E4) or decreases (E1–E2, E5) by
20% or more. In both the E1 and E2 cases there is also a sub-
stantial decrease in the average droplet/particle concentration
at 10.4 km. This suggests the empirical method commonly
used in cloud-resolving models for calculating nucleation of
cloud droplets underestimates the nucleation-scavenging rate
of aerosol. For the E3 case, where the convection is more in-
tense compared to the reference case, there is a considerably
stronger transport of trace gases to the free troposphere.
In the E5 case, the sulfate aerosols are assumed to consist
of SO4 instead of (NH4)2SO4, to test the sensitivity of the
modeled results to the chemical composition of the aerosol.
The critical radius for activation is higher in this simulation,
and fewer aerosols are available as CCN. The convection is
less intense, the average precipitation amount is lower com-
pared to the reference simulation and the vertical wind speed
is reduced. However, the average Aitken MNC at 10.4 km is
almost unchanged. This sensitivity simulation shows a po-
tential impact of different aerosol compositions on cloud de-
velopment and precipitation amounts. In a future model ver-
sion, it would be desirable to include additional aerosol com-
pounds such as ammonium and nitrate as prognostic vari-
ables.
4.5 Initial distribution of aerosols (experiment D)
The sensitivity of the model to the initial distribution and
concentration of aerosols is tested in experiments D1–D8
(Fig. 9). The modeled average precipitation increases sub-
stantially in case D3 and D6 (where the decrease of the
aerosol number concentration with height is either removed
or reduced) whereas it decreases in cases D2, D4, D5 and
D7. For cases D1, and D8 the change is small. In a global
model sensitivity study of anthropogenic aerosol impact on
convective warm precipitation, Nober et al. (2003) obtained
local changes of up to 100% in precipitation amount and re-
lated latent heat release. The result in the present study of
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Figure 9. Same as Figure 6, but for sensitivity simulation series C and E. 
 
Fig. 9. Same as Fig. 6, but for sensitivity simulation series C and E.
a maximum 50–70% change in precipitation is in agreement
with the study by Nober et al. (2003).
In simulations D2 and D5, where the particles are fewer or
smaller compared to the reference simulation, the convective
activity is limited and vertical wind speeds are low. In case
D7, where more Aitken mode particles are available initially,
the convection is also less developed compared to the refer-
ence case because of inefficient particle growth by coagula-
tion of aerosols and condensation of H2SO4 due to the high
particle number. Compared to the reference case, average
trace gas concentrations at 10.4 km decrease up to 20% for
CO and 45% for SO2. However, the Aitken MNC at 10.4 km
is not substantially altered by the change in precipitation and
vertical wind speeds within the cloud. Differences are less
than 10%.
The fact that the Aitken MNC at 10.4 km after 3 h of sim-
ulation is almost unaffected by the choice of initial aerosol
profile suggests that the chemical and physical conversions
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Figure 10. Same as Figure 6, but for sensitivity simulation series G. 
 
Fig. 10. Same as Fig. 6, but for sensitivity simulation series G.
taking place within a convect e cloud are very fast, and the
changes in Aitken mode aerosol properties in the upper tro-
posphere are mainly influenced by these rapid conversions,
not the initial conditions. Already at an early stage of the
simulation, accumulation mode and Aitken mode aerosols
are scavenged by intense precipitation. Hence, the concen-
tration of particles after 3 h of simulation is more determined
by the formation and growth of small particles than by the
initial concentration of CCN.
It is also interesting to note that, despite the small change
in Aitken MNC, the average droplet/particle number concen-
tration at 10.4 km changes by over 10% in a majority of the
D simulations. The explanation may be that the ice nuclei
number is not calculated using the explicit aerosol module
(cf. Sect. 2.2). Hence, processes that will have a crucial in-
fluence on the number of ice crystals formed are e.g. up-
draft velocity, relative humidity and temperature and not the
Aitken MNC.
Changing the initial distribution and concentration of
aerosols is one way to affect the number of available CCN
within the model domain. The radiation-type of lateral
boundary conditions adopted in the current model setup actu-
ally maintains a supply of aerosols from the inflow boundary
to the rest of the model domain (the gradient of the normal
flux of variables at the inflow lateral boundary is set to zero).
This assumption is equal to assuming a zero-gradient plume
resident just outside the inflow boundary. Another way to
simulate the external influence on the number of available
CCN in the model is to apply an added flux of aerosols flow-
ing into the domain through a different setup of the lateral
boundary conditions, equivalent to assuming a given con-
centration gradient of a plume. This could result in that
more aerosols are available as CCN during the simulation,
and hence that the strength of the convection is altered. For
future studies, the effect of an external supply of aerosols on
the modeled results will be examined.
4.6 Initial concentration of aerosol precursor (experi-
ment G)
The modeled temperature, relative humidity and the H2SO4
concentration determine the simulated nucleation rate of
aerosols. Nucleation mode particles grow rapidly to become
Aitken mode and then accumulation mode particles and they
may hence be a major source of CCN. The G series of experi-
ments are designed to examine the sensitivity of the model to
the initial H2SO4 concentration (Fig. 10). The H2SO4 con-
centration will determine how many nucleation mode parti-
cles that are formed initially (if H2SO4 is a limiting factor),
as well as how much H2SO4 that is available for condensa-
tion at the beginning of the simulation.
For the G1 case, where more H2SO4 is available initially,
the convection is more intense compared to the reference
case and more particles are scavenged by precipitation, re-
sulting in a lower average Aitken MNC at 10.4 km. The av-
erage accumulated precipitation over the model domain is
similar as for the reference case, but the precipitation is more
widespread and the maximum precipitation is substantially
lower. There is also a significant increase in the droplet con-
centration close to the cloud base.
For the G2 case, less H2SO4 is available at the beginning
of the simulation and fewer nucleation mode particles are
formed. The convection is less intense and both the average
and maximum precipitation rate are substantially lower. The
transport of Aitken mode particles to the free troposphere is
almost the same, or somewhat weaker, compared to the ref-
erence case. Lower vertical wind speeds also result in lower
trace gas concentrations at 10.4 km. For both G cases, the
total condensed H2SO4 after 3 h of simulation is almost un-
affected.
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Fig. 11a. Average (both horizontally and over 3 h of simulation)
effective cloud droplet radius at cloud base (2.0 km). Also shown
in the figure are the maximum and minimum horizontally averaged
effective cloud droplet radius simulated over the 3-h period.
4.7 Hydrometeor properties
Besides the upper tropospheric distributions of aerosols and
chemical species, the characteristics of the cloud droplets and
precipitation particles can also be changed by altered descrip-
tions of physical and chemical processes. Figure 11 shows
various hydrometeor characteristics for a selected number of
sensitivity simulations (the selected cases are the ones where
a clear difference in the Aitken MNC at 10.4 km compared
to the reference case was obtained, as well as the case where
the initial Aitken MNC was increased by a factor of 100).
Close to the cloud base (at 2 km), the average drop ra-
dius over 3 h of simulation is approximately 20µm for the
reference simulation. The largest change in cloud droplet
size is obtained in the A2 simulation where no coagulation
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Fig. 11b. Average (both horizontally and over 3 h of simulation)
effective rain drop radius, ice particle radius and graupel radius at
400 m, 10 km and 8 km, respectively. Also shown in the figure are
the maximum and minimum horizontally averaged effective radii
simulated over the 3-h period.
of aerosols or condensation of H2SO4 is considered. In this
case, the average droplet radius is ∼45µm. Fewer particles
are available as CCN and hence the existing droplets may
grow larger.
The smallest cloud droplets are found in the E3 and H3
cases. In both these simulations, more CCN are available
compared to the reference simulation and the average droplet
radius decreases to 14 and 16µm, respectively. The average
drop radius for rain at the lowest model level (400 m) is also
smaller in the E3 and H3 simulations. Compared to the refer-
ence case, the falling raindrops below the cloud decrease by
37% and 7%, respectively. Consistently with this result, rain
drops higher up in the cloud (e.g. at 7.2 km), are in the E3
and H3 simulations smaller (23% and 5%) than in the ref-
erence simulation and graupel particles at 8 km altitude are
also smaller.
At the top of the cloud, the simulated ice particles are ac-
tually slightly larger over the 3 h simulation period in the E3
and H3 cases compared to the reference case. More wa-
ter vapor is transported to the top of the cloud, the vertical
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Fig. 12. Time for onset and termination of rain, ice and graupel
formation at 4.8 km, 10 km and 6.8 km, respectively.
wind speed is higher and the ice particles can grow more ef-
ficiently. This result is in contrast with the findings by e.g.
Sherwood (2002) who using satellite-retrieved data found a
negative correlation between aerosol optical depth and ice
crystal radius at the top of convective clouds.
Previous model studies have indicated that convective pre-
cipitation may be suppressed as a result of higher atmo-
spheric aerosol loading (e.g. Phillips et al., 2002). Andreae
et al. (2004) observed substantial changes in precipitation
amount and precipitation characteristics during periods of
heavy smoke over the Amazon basin. However, no firm con-
clusion could be drawn if the increased particle amount re-
sulted in a net positive or a net negative precipitation change.
The onset of the rain occurs at about the same time in all
of the simulations (Fig. 12). It starts somewhat later in sim-
ulations A1, A2, D5, G2, H1 and D7 than in the reference
simulation. In all of the sensitivity simulations where the
onset of the rain is later compared to the reference simula-
tion, there are generally fewer particles available to constitute
CCN, the cloud is less developed, and the rainfall also termi-
nates sooner. One exception is the D7 case, where actually
more Aitken mode particles are available at the beginning of
the simulation (a concentration which is not unrealistic for
polluted urban air). In this case, the particles with smaller
sizes are so numerous that they cannot grow efficiently to be-
come CCN. For the D1, E3 and H3 simulations, where more
CCN are available throughout the simulation and the con-
vection is more intense, the graupel and ice formation occur
earlier than in the reference simulation. The amount of sur-
face precipitation is also substantially larger compared to the
reference case (cf. Figs. 6, 8 and 9). Another interesting re-
sult for the D1, E3 and H3 simulations is that the variability
in the ice particle radius during the integration is much larger
compared to the other cases (cf. Fig. 11b). The reason is most
likely that the updraft velocity is stronger when the convec-
tion is more intense, which allows a more efficient growth
of the ice crystals, and also that more ice particles can form
in the upper part of the cloud than in the other cases. As a
result, a large variability in the ice particle radius is obtained.
5 Conclusions
The role of convection in introducing aerosols and promot-
ing the formation of new particles to the upper troposphere
has been examined using a cloud-resolving model coupled
with an interactive explicit aerosol module. The size dis-
tribution of aerosols is an important factor in determining
the aerosols’ fate within the convective cloud. Accumulation
mode aerosols, as ideal CCN, are removed almost completely
by the heavy precipitation within the modeled storm cloud.
Nucleation mode aerosols grow fast due to coagulation of
aerosols and condensation of H2SO4 and are in addition ef-
ficiently scavenged by falling precipitating drops. Hence,
there is only a small part of the population (concentrations
of a few particles per cm3) that reaches the free troposphere.
Aitken mode aerosols are to some extent removed by nucle-
ation scavenging, but the particles in the lower part of the
size range are not efficient as CCN and are thus transported
to the top of the storm cloud. Once in the free troposphere,
Aitken mode particles may grow over time and are eventually
available as effective CCN and IN. In the model simulations,
up to 10% of the Aitken mode particles in the boundary layer
reach the anvil of the cloud.
A set of 34 sensitivity simulations performed, using var-
ious physical and chemical settings as well as different ini-
tial aerosol concentrations and chemical compositions, indi-
cates that critical processes in the model causing a substan-
tial change in the upper tropospheric Aitken MNC (between
ten and several hundred percent) are coagulation of aerosols,
condensation of H2SO4, nucleation scavenging, nucleation
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of aerosols, and also the transfer of aerosol mass and num-
ber between different aerosol bins. Less important processes
are dry deposition, impact scavenging, and the initial vertical
distribution and concentration of aerosols.
Coagulation of aerosols is the major pathway in the model
for production of Aitken mode particles. When this process
is shut off, the production of CCN is reduced by several or-
ders of magnitude. No vigorous convection is initiated as a
result, which means that condensation of H2SO4 onto parti-
cles cannot alone produce enough new CCN. Omitting con-
densation in the model also results in a slower growth of
small particles and the convection becomes weaker than in
the reference simulation, but not as weak as if coagulation of
aerosols is left out of the model.
The simulation of nucleation scavenging in the present
model version is size-dependent, and the calculation of the
critical radius for activation of particles appears to be of ma-
jor importance to the modeled results. If the critical acti-
vation radius is decreased by a factor of 10 in the model,
the characteristics of the cloud becomes substantially differ-
ent and the Aitken MNC in the free troposphere decreases
by nearly 90% compared to the reference case. In addition,
use of the empirical method for the calculation of nucleation
scavenging leads to a decrease of the Aitken MNC at 10.4 km
by more than 10%.
The present study shows that the parameterized rate of nu-
cleation clearly affects both the upper tropospheric Aitken
MNC and ice particle/droplet number concentration (and
hence the overall cloud development). Atmospheric nucle-
ation is still a poorly known process. For instance, it has been
shown that observed nucleation rates frequently exceed those
predicted by sulfuric acid-water nucleation theories and lab-
oratory measurements (Weber et al., 1997; Covert et al.,
1992; Viisanen et al., 1997; Clarke et al., 1998; Kulmala et
al., 1998b; O’Dowd et al., 1999; Birmili and Wiedensohler,
2000).
Due to the possible overlap of different modes of aerosols,
“remapping” aerosol size distribution by allowing transfer of
aerosols from one mode to another is a common and neces-
sary procedure in aerosol models of modal type. The set of
sensitivity simulations aiming at the transfer of particles be-
tween the different sulfate modes indicate that certain degree
of cautiousness should be applied for this procedure. Even a
relatively small change in assumed mass transfer limit (from
5% to 10% in the related sensitivity tests) might cause sig-
nificant changes in modeled results including the upper tro-
pospheric redistributions of Aitken mode aerosols and chem-
ical compounds. In addition, the transfer of aerosol particles
is dependent on the calculation of the diameter of average
mass (which determines the shape of the distribution func-
tion) and an error in this calculation by a factor of two causes
substantial changes in the cloud development.
Previous studies (Sherwood, 2002; Phillips et al., 2002)
have suggested a negative correlation between ice crystal size
at the top of a convective cloud and aerosol loading close to
the ground. In the present study, the simulated ice particles
in the free troposphere are actually somewhat larger if the
aerosol concentration in the boundary layer is high. How-
ever, the average radius of cloud droplets, rain droplets and
graupel particles becomes smaller. In the present model, the
aerosol module does not predict the number of available par-
ticles for ice nucleation (cf. Sect. 2.1). Hence, the growth of
ice crystals in the upper part of the cloud is more dependent
on the vertical velocity, temperature and most importantly
water vapor supply, than on the aerosol concentration in the
boundary layer. For future studies, the number of available
ice nuclei will just as the number of CCN be predicted by the
aerosol module.
A noticeable variation in the development and characteris-
tics of the convection has been found in all of the sensitivity
simulations. In order to sustain a vigorous storm cloud, the
supply of CCN must be continuous over a considerably long
period during the simulation. Hence, the treatment of the
growth of particles is in general much more important than
the initial aerosol concentration itself. Another alternative
for sustaining the CCN concentration within the model area
could be by a maintained supply of aerosols from outside the
model domain. However, it is also crucial that enough CCN
are available at the beginning of the simulation for the actual
initiation of the convection. Otherwise, the cloud develop-
ment becomes slow, vertical wind speeds weak and precipi-
tation amounts low. In addition, although not having a sub-
stantial effect on the upper tropospheric Aitken MNC, chang-
ing the initial atmospheric aerosol concentration results in a
change in surface precipitation and vertical wind speeds of
up to 50–70%, and this is consistent with a recent study us-
ing the same cloud-resolving model but simpler aerosol mod-
ule (Wang, 2004a, b). No straightforward relationship be-
tween the initial atmospheric aerosol loading and the amount
of precipitation could be found, but in case of a continuously
higher supply of CCN, the total surface precipitation amount
generally increases. These results all suggest further research
on the effect of anthropogenic aerosol on convective clouds
and precipitation.
Acknowledgements. We would like to thank M. Barth and one
anonymous reviewer for valuable comments on the manuscript.
The first author would like to thank the Knut and Alice Wallenberg
foundation postdoctoral fellowship program on sustainability and
the environment, Sweden, for research funding. This work was
also partially supported by the NOAA Climate and Global Change
Program grant GC97-474, by the NSF grant ATM-0329759,
by the Ford-MIT Alliance, and by the industrial consortium of
the MIT Joint Program on the Science and Policy of Global Change.
Edited by: B. Ka¨rcher
www.atmos-chem-phys.org/acp/4/773/ Atmos. Chem. Phys., 4, 773–791, 2004
790 A. M. L. Ekman et al.: Explicit simulations of aerosol physics in a cloud-resolving model
References
Albrecht, B. A.: Aerosols, cloud microphysics, and fractional
cloudiness, Science, 245, 1227–1230, 1989.
Andreae, M. O., Rosenfeld, D., Artaxo, P., Costa, A. A., Frank, G.
P., Longo, K. M, and Silva-Dias, M. A. F.: Smoking rain clouds
over the Amazon, Science, 303, 1337–1341, 2004.
Andronache, C., Donner, L. J., Seman, C. J., and Hemler, R. S.:
A study of the impact of the intertropical convergence zone
on aerosols during INDOEX, J. Geophys. Res., 107, 8027,
doi:10.1029/2001JD900248, 2002.
Birmili, W. and Wiedensohler, A.: New particle formation in the
continental boundary layer: Meteorological and gas phase pa-
rameter influence, Geophys. Res. Lett., 27, 3325–3328, 2000.
Clarke, A. D.: Atmospheric nuclei in the remote free troposphere,
J. Atmos. Chem., 14, 479–488, 1992.
Clarke, A. D.: Atmospheric nuclei in the Pacific midtroposphere:
Their nature, concentration, and evolution, J. Geophys. Res., 92,
10 633–20 647, 1993.
Clarke, A. D., Davis, D., Kapustin, V. N., Eisele, F., Chen, G.,
Paluch, I., Lenschow, D., Bandy, A. R., Thornton, D., Moore,
K., Mauldin, L., Tanner, D., Litchy, M., Carroll, M. A., Collins,
J., and Albercook, C.: Particle nucleation in the tropical bound-
ary layer and its coupling to marine sulfur sources, Science, 282,
89–92, 1998.
Clarke, A. D., Eisele, F., Kapustin, V. N., Moore, K., Tanner, D.,
Mauldin, L., Lichty, M., Lienert, B., Carrol, M. A., and Alber-
cook, G.: Favorable environments during PEM-Tropics, J. Geo-
phys. Res., 104, 5735–5744, 1999.
Clarke, A. D. and Kapustin, V. N.: A pacific aerosol survey, Part I:
A decade of data on particle production, transport, evolution, and
mixing in the troposphere, J. Atmos. Sci., 59, 363–382, 2002.
Clement, C. F., Ford, I. J., Twohy, C. H., Weinheimer, A., and Cam-
pos, T.: Particle production in the outflow of a midlatitude storm,
J. Geophys. Res., 107, 4559, doi:10.1029/2001JD001352, 2002.
Covert, D. S., Kapustin, V. N., Bates, T. S., and Quinn, P. K.:
New particle formation in the marine boundary layer, J. Geo-
phys. Res., 97, 20 581–20 589, 1992.
de Reus, M., Stro¨m, J., Kulmala, M., Prijola, L., Lelieveld, J.,
Schiller, C., and Zo¨ger, M.: Airborne aerosol measurements in
the tropopause region and the dependence of new particle forma-
tion on preexisting particle number concentration, J. Geophys.
Res., 103, 31 255–31 263, 1998.
Fu, Q. and Liou, K. N.: Parameterization of the radiative properties
of cirrus clouds, J. Atmos. Sci., 50, 2008–2025, 1993.
Fuchs, N. A.: The mechanics of aerosols, Pergamon Press, Oxford,
1964.
Hermann, M., Heintzenberg, J., Wiedensohler, A., Zahn, A., Hein-
rich, G., and Brenninkmeijer, C. A. M.: Meridional distribu-
tions of aerosol particle number concentrations in the upper tro-
posphere and lower stratosphere obtained by Civil Aircraft for
Regular Investigation of the Atmosphere Based on an Instru-
ment Container (CARIBIC) flights, J. Geophys. Res., 108, 4114,
doi:10.1029/2001JD001077, 2003.
Hjellbrekke, A. G. and Hanssen, J. E.: Data report 1996, Part 2,
Monthly and seasonal summaries, NILU/CCC-report 2/98, 229,
The Norwegian Institute for Air Research, Lillestrom, Norway,
1998.
Jacobson, M. Z.: Development of mixed-phase clouds from
multiple aerosol size distributions and the effect of the
clouds on aerosol removal, J. Geophys. Res., 108, 4245,
doi:10.1029/2002JD002691, 2003.
Koren, I., Kaufman, Y. J., Remer, L. A, and Martins, J. V.: Mea-
surement of the effect of Amazon smoke on inhibition of cloud
formation, Science, 303, 1342–1345, 2004.
Ka¨rcher, B. and Lohmann, U.: A parameterization of cirrus cloud
formation: Heterogeneous freezing, J. Geophys. Res., 108, 4402,
doi:10.1029/2002JD003220, 2003.
Kulmala, M., Laaksonen, A., and Pirjola, L.: Parameterizations
for sulphuric acid/water nucleation rates, J. Geophys. Res., 103,
8301–8307, 1998a.
Kulmala, M., Toivonen, A., Ma¨kela¨, J. M., and Laaksonen, A.:
Analysis of the growth of nucleation mode particles observed in
Boreal forest, Tellus, 50B, 449–462, 1998b.
Langner, J. and Rodhe, H.: A global three-dimensional model of the
tropospheric sulfur cycle, J. Atmos. Chem., 13, 225–263, 1991.
Minikin, A., Petzold, A., Stro¨m, J., Krejci, R., Seifert, M., van
Velthoven, P., Schlager, H., and Schumann, U.: Aircraft observa-
tions of the upper tropospheric fine particle aerosol in the North-
ern and Southern Hemispheres at midlatitudes, Geophys. Res.
Lett., 30, 1503, doi:10.1029/2002GL016458, 2003.
Nober, F. J., Graf, H.- F., and Rosenfeld, D.: Sensitivity of the
global circulation to the suppression of precipitation by anthro-
pogenic aerosols, Global and Planetary Change, 37, 57–80, 2003.
Nyeki, S., Kalberer, M., Lugauer, M., Weingartner, E., Petzold, A.,
Schroder, F., Colbeck, I., and Baltensperger, U.: Condensation
Nuclei (CN) and Ultrafine CN in the Free Troposphere to 12 km:
A case study over the Jungfraujoch high-alpine research station,
Geophys. Res. Lett., 26, 2195–2198, 1999.
O’Dowd, C., McFiggans, G., Creasey, D. J., Pirjola, L., Hoell, C.,
Smith, M. H., Allan, B. J., Plane, J. M. C., Heard, D. E., Lee, J.
D., Pilling, M. J., and Kulmala, M.: On the photochemical pro-
duction of new particles in the coastal boundary layer, Geophys.
Res. Lett., 26, 1707–1710, 1999.
Petzold, A., Fiebig, M., Flentje, H., Keil, A., Leiterer, U., Schro¨der,
F., Stifter, A., Wendisch, M., and Wending, P.: Vertical variabil-
ity of aerosol properties observed at a continental site during the
Lindenberg Aerosol Characterization Experiment (LACE 98), J.
Geophys. Res., 107, 8128, doi:10.1029/2001JD001043, 2002.
Phillips, V. T. J., Choularton, T. W., Blyth, A. M., and Latham,
J.: The influence of aerosol concentrations on the glaciation and
precipitation of a cumulus cloud, Q. J. Roy. Met. Soc., 128, 951–
971, 2002.
Pruppacher, H. R. and Klett, J. D.: Microphysics of clouds and pre-
cipitation, Klu¨wer Academic Publishers, Dordrecht, The Nether-
lands, 1997.
Rosenfeld, D.: TRMM Observed First Direct Evidence of Smoke
from Forest Fires Inhibiting Rainfall, Geophys. Res. Lett., 26,
3105–3108, 1999.
Rosenfeld, D.: Suppression of rain and snow by urban and industrial
air pollution, Science, 287, 1793–1796, 2000.
Schro¨der, F., Ka¨rcher, B., Fiebig, M., and Petzold, A.: Aerosol
states in the free troposphere at northern latitudes, J. Geophys.
Res., 107, 8126, doi:10.1029/2000JD000194, 2002.
Seinfeld, J. H. and Pandis, S. N.: Atmoshperic chemistry and
physics: From air pollution to climate change, John Wiley &
Sons Inc., 1326, 1998.
Sherwood, S.: A microphysical connection among biomass burn-
ing, cumulus clouds, and stratospheric moisture, Science, 295,
Atmos. Chem. Phys., 4, 773–791, 2004 www.atmos-chem-phys.org/acp/4/773/
A. M. L. Ekman et al.: Explicit simulations of aerosol physics in a cloud-resolving model 791
1272–1275, 2002.
Stro¨m, J., Fischer, H., Lelieveld, J., and Schro¨der, F.: In situ mea-
surements of microphysical properties and trace gases in two cu-
mulonimbus anvils over western Europe, J. Geophys. Res., 104,
12 221–12 226, 1999.
Twohy, C. H., Clement, C. F., Gandrud, B. W., Weinheimer, A.
J., Campos, T. L., Baumgardner, D., Brune, W. H., Faloona, I.,
Sachse, G. W., Vay, S. A., and Tan, D.: Deep convection as a
source of new particles in the midlatitude upper troposphere, J.
Geophys. Res., 107, 4560, doi:10.1029/2001JD000323, 2002.
Twomey, S.: Pollution and the planetary albedo, Atmos. Environ.,
8, 1251–1256, 1974.
Viisanen, Y., Kulmala, M., and Laaksonen, A.: Experiments on gas-
liquid nucleation of sulfuric acid and wafer, J. Chem. Phys., 107,
920–926, 1997.
Wang, C. and Chang, J. S.: A three-dimensional numerical model of
cloud dynamics, microphysics, and chemistry, 1: Concepts and
formulation, J. Geophys. Res., 98, 14 827–14 844, 1993a.
Wang, C. and Chang, J. S.: A three-dimensional numerical model of
cloud dynamics, microphysics, and chemistry: 4: Cloud chem-
istry and precipitation chemistry, J. Geophys. Res., 98, 16 799–
16 808, 1993b.
Wang, C. and Crutzen, P. J.: Impact of a simulated severe local
storm on the redistribution of sulfur dioxide, J. Geophys. Res.,
100, 11 357–11 367, 1995.
Wang, C., Crutzen, P. J., Ramanathan, V., and Williams, S. F.: The
role of a deep convective storm over the tropical Pacific Ocean in
the redistribution of atmospheric chemical species, J. Geophys.
Res., 100, 11 509–11 516, 1995.
Wang, C. and Prinn, R. G.: Impact of the horizontal wind profile on
the convective transport of chemical species, J. Geophys. Res.,
103, 22 063–22 071, 1998.
Wang, C. and Prinn, R. G.: On the roles of deep convective clouds
in tropospheric chemistry, J. Geophys. Res., 105, 22 269–22 297,
2000.
Weber, R. J., Marti, J. J., McMurry, P. H., Eisele, F. L., Tanner, D.
J., and Jefferson, A.: Measurements of new particle formation
and ultrafine particle growth rates at a clean continental site, J.
Geophys. Res., 102, 4375–4385, 1997.
Wilson, J., Cuvelier, C., and Raes, F.: A modeling study of global
mixed aerosol fields, J. Geophys. Res., 106, 34 081–34 108,
2001.
Zhang, Y. P., Kreidenweis, S., and Taylor, G. R.: The effects of
clouds on aerosol and chemical species production and distribu-
tion, Part III: Aerosol model description and sensitivity analysis,
J. Atmos. Sci., 55, 921–939, 1998.
www.atmos-chem-phys.org/acp/4/773/ Atmos. Chem. Phys., 4, 773–791, 2004
